ABSTRACT Various breathing training programmes may be helpful for adults with asthma. The main therapeutic aim for many of these programmes is the correction of dysfunctional breathing. Dysfunctional breathing can be viewed practically as a multidimensional entity with the three key dimensions being biochemical, biomechanical and psychophysiological. The objectives of this review are to explore how each of these dimensions might impact on asthma sufferers, to review how various breathing therapy protocols target these dimensions and to determine if there is evidence suggesting how breathing therapy protocols might be optimised.
Introduction
Research into breathing therapy for asthma shows that a range of breathing retraining programmes may be helpful, but that the diversity of breathing therapies and insufficiency of research assessing ideal protocols and patient selection make it difficult to determine how breathing therapy can best be applied clinically for optimal patient outcomes [1, 2] .
Dysfunctional breathing in asthma: significance and prevalence Dysfunctional breathing can complicate asthma treatment because it leads to disproportionate dyspnoea and medically unexplained symptoms that do not respond to standard asthma medication [3, 4] . Patients with asthma or asthma-like symptoms who also have dysfunctional breathing are reported to have significantly lower quality of life, greater anxiety, lower sense of coherence and decreased asthma control [5, 6] .
Breathing training may be most suitable for asthma sufferers who also have dysfunctional breathing. Prevalence of dysfunctional breathing in asthmatic subjects is reported as ranging from 29% to 64%, with a higher incidence in patients with difficult-to-treat asthma and poor asthma control [7, 8] . The presence of dysfunctional breathing is identified in various ways, including through high scores on the Nijmegen Questionnaire [7, 9] , by presence of hypocapnia at rest [9] , from clinical observation of unusual breathing patterns with disproportionate breathlessness [10] and through observing breathing patterns during exercise challenge [8] . These methods of identifying dysfunctional breathing all have limitations. The Nijmegen Questionnaire, which contains items related to dyspnoea, has not been validated for use in asthma patients. It should also be noted that hypocapnia during acute asthma cannot be assumed to be indicative of dysfunctional breathing as it can be a normal response to acute airway obstruction.
Definitions of dysfunctional breathing
While dysfunctional breathing can be an important consideration in the treatment of asthma, there has been a lack of consensus on its definition. The use of the term "dysfunctional breathing" only appeared in the literature after the 1990s and seems to have come about in response to controversy about hyperventilation syndrome (HVS). This controversy was largely due to research showing inconsistent relationships between hypocapnia and non-neurovascular symptoms in patients who had been diagnosed with HVS [11] . Several recent discussions of dysfunctional breathing propose that hyperventilation and the biochemical dimension comprise only one aspect of breathing dysfunction, and that biomechanical and psychophysiological dimensions of dysfunctional breathing also play a role in symptom production and perpetuation of abnormal breathing behaviours [3, 5, 6, [12] [13] [14] [15] .
Multiple dimensions of dysfunctional breathing in assessment and treatment There is no consensus regarding assessment of dysfunctional breathing or indeed its subsequent treatment. This is not surprising given its multidimensional nature and the insufficiency of research clarifying the relative importance of targeting biochemical, biomechanical and psychophysiological dimensions for treatment success.
The biochemical dimension refers to hyperventilation, the biomechanical dimension refers to breathing pattern disorders, and the psychophysiological dimension refers to interactions of physiology with cognitive and emotional factors. While these three dimensions are often related, they can also be distinct, with some individuals showing signs of dysfunction in one dimension but not in others [16] . It is possible that all three dimensions, either individually or through interaction with each other, may play a role in producing the unexplained symptoms and reduced quality of life associated with dysfunctional breathing.
Aims
Here, the aim was to review literature to explore the following questions. 1) Significance/rationale: How do biochemical, biomechanical and psychophysiological aspects of dysfunctional breathing impact on asthma, contribute to symptom production or perpetuate dysfunctional breathing behaviours? 2) Breathing training protocols: How do different styles of breathing training address biochemical, biomechanical and/or psychophysiological aspects of dysfunctional breathing? Is there evidence that they create measurable change in these dimensions? 3) Ideal protocols: Does the literature suggest how breathing training protocols might be refined to improve clinical outcomes?
1982 to 2017. Peer-reviewed articles, including randomised controlled trials and uncontrolled trials related to the use of breathing techniques as the primary modification for asthma or dysfunctional breathing, as well as articles that seemed to be pertinent to the questions explored in this review were examined (n=60). Additional articles discussing hyperventilation, breathing pattern disorders and psychophysiological aspects of dysfunctional breathing in asthma were sourced from reference lists of articles retrieved through these database searches, the author's personal reference library and discussion with colleagues. Older as well as more recent peer-reviewed articles, including a small number of observational studies as well as randomised controlled trials, are included in this narrative review where they provide relevant background information and context for the reader.
Results and discussion
Biochemical dimension: hyperventilation disorders Description of the biochemical dimension Hyperventilation, defined as breathing in excess of metabolic needs with resulting depletion of carbon dioxide (CO 2 ), can be intermittent or chronic, with lowered chemoreceptor set-point, abnormal breathing control and pH disturbance [17] .
Significance and rationale Hyperventilation is more prevalent in individuals with asthma than in healthy individuals, and clinically significant low arterial carbon dioxide tension (PaCO 2 ) and respiratory alkalosis may exist in acute and chronic symptomatic asthma [18, 19] , as well as in mild asymptomatic asthma [20] . Compared with nonasthmatic subjects, asthmatic subjects are more likely to hyperventilate in response to a range of challenges, including muscle tension, dynamic exercise, increased airway resistance, psychological stress and from conditioned response to an innocuous inhaler [21] [22] [23] .
Given that hyperventilation is a relatively common occurrence in asthma, it has been proposed that it might be a natural response to increased airway resistance, particularly if the response is transitory [18] . Nevertheless, in susceptible individuals hyperventilation can have a severely destabilising effect on breathing control and biochemical homeostasis [24] . Also during hyperventilation, both hypocapnia and associated hyperpnoea may contribute to bronchospasm and lung pathology [25] .
Hyperventilation may not always result in symptoms [20] . However, in symptomatic individuals hyperventilation has been associated with both respiratory and nonrespiratory symptoms as represented by the Nijmegen Questionnaire [26] . Nonrespiratory symptoms of hyperventilation disorders, particularly central and peripheral neurovascular symptoms such as dizziness, numbness and tingling, have the strongest relationship to CO 2 [27] . These neurovascular symptoms of hyperventilation do not tend to respond to asthma medication and asthmatic subjects who complain of these types of symptoms have been found to have lower general perceived health, possibly associated with a poor sense of control [28] . Respiratory symptoms such as inability to take a deep breath, chest tightness and shortness of breath are more likely to be related to psychophysiological and neuromechanical factors than to hypocapnia [11, 16] .
Response of the biochemical dimension to breathing training protocols Many breathing therapies used for the treatment of asthma, including therapeutic capnometry biofeedback, the Buteyko method and physiotherapy-based breathing retraining such as the Papworth method, might explicitly or implicitly target hyperventilation. While it has been proposed that correction of hyperventilation is probably not an important mechanism of breathing retraining [25] , some recent research suggests that improvements in CO 2 are important for reduction of asthma symptoms [9, 29] . Indeed, a systematic review exploring comparative effectiveness of breathing exercises for asthma proposed that breathing retraining protocols that targeted hyperventilation were more effective than those that had a more general approach [2] . However, the conclusions of this systematic review need closer appraisal as many of the breathing retraining studies reviewed in this study that targeted hyperventilation had not measured CO 2 levels to verify that hyperventilation had been brought under control.
Breathing retraining protocols for asthmatic subjects that do report on CO 2 tension (PCO 2 ) measurements before and after breathing retraining demonstrate variable results, and factors such as initial levels of hypocapnia in participants, type of breathing training and CO 2 monitoring might affect outcomes. It cannot be assumed that all breathing retraining protocols raise CO 2 levels. At least three randomised controlled trials, in which CO 2 levels were measured in asthma patients undergoing breathing retraining, did not find any statistically significant changes in resting PCO 2 despite all studies reporting improvement in either symptoms or quality of life, or reduced use of medication [30] [31] [32] . The first of these studies by BOWLER et al. [30] did find a significant reduction in minute ventilation after breathing retraining using the Buteyko method, but surprisingly this was not reflected in changes of mean PCO 2 level. In a study by HOLLOWAY and WEST [31] on the Papworth method, a physiotherapy breathing retaining protocol, patients and controls began with normal CO 2 levels and these did not change in either group over the course of breathing training. Finally, in a randomised controlled trial by THOMAS et al. [32] , utilising a breathing protocol similar to the Papworth method, baseline PCO 2 levels were in the zone that would be classified as hypocapnia at the beginning of the research trial (31.9 mmHg) and while levels did increase (33.0 mmHg) in the breathing retraining group, the change was not statistically significantly by the end of the trial.
Several studies in which PCO 2 was monitored repeatedly over the course of breathing training were able to demonstrate that progressive increases in this variable were achieved, and that CO 2 correlated with gradual symptom improvement and in some cases also with improved lung function [29, 33, 34] . In a small uncontrolled study of therapeutic capnometry biofeedback, RITZ et al. [33] demonstrated reduced symptoms and reduced hyperventilation in a group of eight asthmatic subjects. In this pilot trial the changes in PCO 2 showed a statistically significant linear increase across the weeks of home exercises training (F(1,7)=13.19; p=0.008). The trend for increasing CO 2 over the 4 weeks of this training programme correlated well with gradual reduction of asthma symptoms. In a subsequent randomised controlled trial, 120 patients with asthma were randomly assigned to either a therapeutic capnometry biofeedback protocol or controlled slow breathing without capnometry. Both groups improved in 17 out of 21 clinical indices measured. The capnometry biofeedback group showed statistically significant greater increases in PCO 2 than those using slow breathing, and this was accompanied by greater reductions in respiratory impedance and respiratory symptoms. Results were sustained at 1-and 6-month follow-up [29] . Another study of physiotherapy-based breathing retraining also showed that increases in CO 2 over the course of breathing training correlated with reduced symptoms scores, improved quality of life and also improved lung function. In this study by GRAMMATOPOULOU et al. [34] , time effect on end-tidal CO 2 was significant (F=61.33; p<0.001).
Without adequate testing of CO 2 levels it is difficult to be certain that breathing training techniques aiming to correct hyperventilation are achieving their goal. It has been reported that an individual's resting CO 2 set-point is difficult to change [35] . Treatment needs to be sufficiently intensive and breathing techniques need to be practised adequately and correctly to ensure PCO 2 levels normalise. Breathing techniques such as slow abdominal breathing as taught by several breathing retraining protocols can lead to increased hyperventilation in susceptible individuals, as can the Buteyko method instruction to hypoventilate by reducing breathing volume [36, 37] .
Optimising breathing training for the biochemical dimension Capnometry at the start of therapy would be useful to identify patients with chronic hyperventilation as changes in CO 2 are also more likely to be necessary for positive outcomes from breathing training in those individuals. As CO 2 levels appear to rise more predictably when breathing training includes monitoring of CO 2 it seems advisable to monitor CO 2 over the course of therapy, particularly in those individuals who are hypocapnic at the start of breathing. However, the fact that patients with asthma undergoing breathing retraining can improve without any evidence of normalised CO 2 suggests that other mechanisms, possibly related to biomechanical, neuromuscular or psychophysiological factors, are also involved.
Biomechanical dimension: neuromuscular and breathing pattern dysfunctions Description of the biomechanical dimension The biomechanical dimension refers mostly to respiratory muscles, their resting tone, strength, efficiency and coordination as evidenced by breathing patterns. In this instance it also relates to breathing behaviours such as mouth breathing.
Significance of neuromuscular and breathing pattern dysfunctions in asthma
Breathing pattern disorders such as thoracic breathing, paradoxical breathing, excessive sighing and irregular breathing are commonly found in asthma patients as well as in individuals with medically unexplained dyspnoea and hyperventilation. These neuromechanical and biomechanical dysfunctions can also be found in individuals with medically unexplained dyspnoea who are not hyperventilating and have normal end-tidal CO 2 at rest, and it has been proposed that dyspnoea in these patients is a result of neuromuscular factors rather than chemoreceptor response or sensitivity [38] .
This seems likely given that sensory feedback from respiratory muscles is an important contributor to quality and extent of dyspnoea [39] . Breath holding time reflects dyspnoea threshold; while it is significantly shorter in individuals with chronic hypocapnia [40] , it is strongly affected by biomechanical elements of breathing such as respiratory muscle tone and tension [41] .
Hypertonicity of respiratory muscles can contribute to dyspnoea [42] , and aggravate the tendency for asthma sufferers to develop hyperinflation of the lungs [43] and abnormal breathing patterns such as thoracic breathing and paradoxical breathing [44] . Increased tone and activity of inspiratory muscles at the end of expiration leads to higher than normal levels of lung inflation. Hyperinflation changes the operating conditions of respiratory muscles, making them shorter and weaker. In the case of the diaphragm, hyperinflation and abnormally elevated resting tone lead to loss of the zone of apposition, reducing the ability of the diaphragm to generate inspiratory force. This results in greater recruitment of accessory muscles of respiration in the neck and upper thoracic region as evidenced by thoracic and asynchronous breathing patterns [44] . Shortened, tense and functionally weak respiratory muscles are less able to respond appropriately to central motor command from respiratory centres, potentially contributing to the disparity between ventilation commanded and ventilation achieved. This type of disparity, sometimes called afferent re-efferent dissociation or neuromechanical uncoupling, is thought to be a key factor in determining the extent and quality of dyspnoea in patients with chronic obstructive pulmonary disease [45] .
Mouth breathing has been shown to decrease lung function and in some cases to initiate asthma symptoms [46] . It also increases tendencies to hyperventilation [47] , and has negative effects on respiratory biomechanics and posture [48] . Improving nasal function to support nasal breathing is associated with improvements in asthma [49] .
Response of the biomechanical dimension to breathing training protocols Many breathing retraining packages aim to teach patients to breathe using more optimal breathing patterns in daily life and also when experiencing dyspnoea [31, 34, 50, 51] . While detailed descriptions of training techniques are often not given, it can be observed that the quality, intensity and type of training are variable. More comprehensive training of breathing includes attention to minute and tidal volume to ensure these are appropriate, and encourages lower rib cage and abdominal breathing, relaxation, and nasal mode of breathing [31, 52] .
Studies of breathing training often report that patients are taught "diaphragmatic breathing", but do not specify instructional techniques or measure whether diaphragm function has indeed improved. While a systematic review of "diaphragmatic breathing" in asthma concluded that it is beneficial for improving both short-and long-term quality of life [53] , it should be noted that incorrectly performed "diaphragmatic breathing", e.g. using excessive relaxation of abdominal muscles with high tidal volumes, can potentially worsen rather than improve biomechanical aspects of breathing functionality [54] . In some cases, particularly in patients with more severe chronic respiratory disease, attempts to perform "diaphragmatic breathing" can actually increase hyperinflation, decrease functional strength of the diaphragm and increase dyspnoea [55] . Conversely, techniques such as the Buteyko method, which teaches patients to voluntarily reduce the volume of breathing by relaxing and tolerating slight "lack of air" sensations, might help by reducing hyperinflation and improving length and force generating capacity of the diaphragm [56] . However, no research studies on the Buteyko method have evaluated breathing muscle function or breathing pattern as outcome measures so this remains speculative.
Hypertonicity and weakness of respiratory muscles might contribute to dysfunctional breathing patterns, neuromechanical uncoupling and increased dyspnoea. Hypertonic respiratory muscles tend to be weaker due to the laws of the length-tension relationship. Strengthening of respiratory muscles can be increased by direct training using devices that provide inspiratory resistance and there is some evidence that this can reduce dyspnoea [57] . However, relaxation of hypertonic respiratory muscles is also important for increasing functional strength of respiratory muscles [54] . Manual therapy that aims to relax respiratory muscles and improve mobility of the rib cage has been found to increase peak flow and improve dyspnoea symptoms associated with a sense of unsatisfied respiration, and might be a useful addition to breathing retraining [58, 59] , although one study found that addition of manual therapy did not improve outcomes of breathing training [60] .
Most studies do not report on breathing pattern changes after breathing training, making it difficult to compare effectiveness of differing approaches to breathing training. Lack of clinically accessible validated tools could be one of the impediments to monitoring breathing patterns during the course of breathing training. One uncontrolled study of patients with medically unexplained dyspnoea that did evaluate diaphragm function and breathing pattern before and after breathing training used a validated clinical assessment tool called the Manual Assessment of Respiratory Motion [61] . In this study, 62 patients with dysfunctional breathing and medically unexplained dyspnoea were trained in a relaxation and breathing protocol. Four weeks of breathing and relaxation training normalised the breathing pattern and substantially reduced dysfunctional breathing symptoms as measured by the Nijmegen Questionnaire, particularly the subset of Nijmegen Questionnaire dyspnoea items (i.e. "short of breath", "faster and deeper breathing", "unable to breathe deeply", "tight chest"). This study found that improved breathing pattern was a necessary condition for reduction of dyspnoea symptoms.
The Nijmegen Questionnaire was at one time used to identify individuals with HVS under the assumption that hyperventilation and hypocapnia were the cause of symptoms [26] . However, it is now recognised that the Nijmegen Questionnaire reflects a more generalised disturbance of breathing functionality related to breathing pattern, anxiety and interoception [12] .
Optimising breathing training for the biomechanical dimension Breathing pattern disorders can exist separate to hyperventilation and can independently contribute to dyspnoea in asthma sufferers. Therefore, it seems important to address this dimension by evaluating the breathing pattern during the course of breathing training. Not all attempts at "diaphragmic breathing" successfully improve the function of the diaphragm, particularly in asthma patients who might have hyperinflation or hypertonic respiratory muscles. Control of breathing volume and relaxation of hypertonic respiratory muscles are likely to be important in these patients. Asthma patients should be taught to minimise mouth breathing and use a predominately nasal route of breathing.
Psychophysiological dimension: cognitive and emotional factors Description of the psychophysiological dimension The psychophysiological dimension of dysfunctional breathing refers to the various relationships between mental/emotional factors and breathing physiology, breathing behaviours and dysfunctional breathing symptoms.
Prevalence and significance of respiratory-related psychophysiological disturbance in asthma Psychophysiological factors, including fear, stress and anxiety, along with the hyperarousal and the increased ventilatory drive that accompanies them, are important causes and contributors to dysfunctional breathing symptoms and behaviours in individuals with and without asthma [40] . Individuals with asthma may be particularly susceptible to negative effects of these psychophysiological factors because of the higher than normal prevalence of anxiety disorders in the asthma population, and the unpleasant and sometimes fear inducing effects of dyspnoea [62] .
A complex interplay between cognitive and emotional factors with biochemical and biomechanical aspects of breathing control contributes to and perpetuates dysfunctional breathing behaviours and symptoms. Fearful beliefs about respiratory symptoms and anticipation of not being able to satisfy one's ventilatory needs can play a part in conditioning inappropriate and excessive increases in ventilation and sensitisation to bodily symptoms [63] . In some asthma sufferers, mental recall of previous asthma episodes is sufficient to induce hyperventilation and asthma symptoms [64] . Asthma sufferers who are anxious are also more likely to become conditioned and sensitised to experience a greater number and increased severity of respiratory and nonrespiratory symptoms regardless of the extent of airway obstruction [65] .
Asthmatic subjects with dysfunctional breathing have been found to have a decrease in subjective sense of control as measured by the perceived control questionnaire, as well as a decreased sense of coherence [10, 28] . Sense of control and sense of coherence have been extensively studied for their relationships to health. Reduced sense of control has been shown to increase anxiety, fear and emotional distress, and to adversely affect a range of health outcomes [66] . Sense of coherence also predicts health-related quality of life and in asthma lower scores on the sense of coherence scale have been shown to correlate with negative coping patterns [67] .
Hyperventilation and breathing pattern disorders might contribute to decreased perceived control and sense of coherence in asthmatic subjects. Asthma patients with classic neurovascular hyperventilation symptoms such as numbness and tingling of extremities have lower scores on perceived control scales [28] . The decrease in sense of control may arise when symptoms are unresponsive or less responsive to asthma medication. Weakness and hypertonicity of respiratory muscles, as found in hyperinflation and breathing pattern disorders, leads to inadequate and inefficient response from respiratory muscles to voluntary and involuntary breathing efforts. This incongruence between ventilation attempted and ventilation achieved is known to contribute to increased dyspnoea, particularly the sense of unsatisfied respiration [68] , and in the author's view might conceivably reduce the sense of coherence and sense of control in some patients.
Dysregulation of autonomic nervous system function, a common response to psychological and other types of stress, has been observed in asthma. Autonomic nervous system dysregulation is proposed to alter neural regulation of immune function and explain the paradoxical bronchoconstriction in response to sympathetic nervous system activation observed in asthma sufferers [69, 70] .
probably be assumed that reduction of psychologically driven hyperarousal is a necessary factor for normalising hyperventilation and a dysfunctional breathing pattern given that behavioural factors are major influencers of respiratory drive, CO 2 set-point and respiratory symptoms [40] . In the psychosomatic patient with unexplained dyspnoea, breathing training combined with relaxation leads to a measurably significant reduction of dyspnoea and stress-related symptoms [61, 63] . Breathing techniques combined with heart rate variability biofeedback to increase vagal tone and improve regulation of the autonomic nervous system have been found to be effective in reducing asthma symptoms, reducing medication needs and improving lung function [71] . Functional relaxation techniques that combine movement and relaxation with conscious exhalation have also been found to improve respiratory resistance and forced expiratory volume in 1 s [72] .
Optimising breathing training for the psychophysiological dimension Relaxation techniques and mental and emotional self-regulation tools that reduce anxiety and hyperarousal are probably important aspects of breathing retraining. Breathing training might also include instructions or processes that help to reduce a patient's fear of dyspnoea and increase their sense of being in control of their breathing. Increasing a patient's understanding of how respiratory and nonrespiratory symptoms can arise from hyperventilation and hyperinflation could help to decrease the patient's fears and negative cognitions about their dysfunctional breathing symptoms. Exploring sensations of breathlessness and breathing discomfort mindfully while being in a relaxed state could also be useful in this regard, and could improve their sense of coherence and control.
Conclusions
While the mechanisms of breathing training in asthma are unclear, there is evidence that biochemical, biomechanical and psychophysiological aspects of dysfunctional breathing can all potentially impact on asthma symptoms and breathing control. Aggravation of respiratory and nonrespiratory symptoms can occur due to hyperventilation, inefficient and aberrant breathing patterns as well as cognitive and emotional factors.
The various dimensions of dysfunctional breathing may be of greater or lesser importance in different cases and the effectiveness of breathing training protocols may need to address an individual's specific type of breathing dysfunction, e.g. hyperventilation, breathing pattern disorder or anxiety and fearful cognitions related to dyspnoea and ability to control breathing.
Outcomes for breathing training for dysfunctional breathing in asthma may be most successful when the three key dimensions of dysfunctional breathing are evaluated at the start of treatment and monitored during treatment. This allows breathing training protocols to be adjusted as necessary to ensure that treatment is sufficiently comprehensive and intensive to produce measurable improvements in specific disruptions found to exist in the biochemical, biomechanical and psychophysiological dimensions of dysfunctional breathing.
